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ABSTRACT 
The cycling of nutrients (silicate, nitrate, ammonium and phosphate) in a quasi-pristine barrier-
lagoon complex (Louro Lagoon, NW Iberian Peninsula) was studied both in a diel and temporal 
timescale covering different seasonal conditions. Hydrographical and meteorological 
conditions exert a major control on the nutrient cycling in the lagoon. From late autumn to 
early spring the lagoon is characterized by oxic conditions due to significant freshwater inputs 
and sporadic communication with the sea. In summer, elevated primary production coupled 
with water stagnancy leads to bottom waters hypoxia and marked diel variation of pH, oxygen 
and redox potentials. Diel variation of nutrients was only evident when mixing of surface and 
bottom waters during the night was observed.  
Temporal changes in nutrients concentrations and their relative abundance were found to 
induce a clear shift in the phytoplankton composition. In winter, during silicate and nitrate 
abundance and low phosphate, diatoms predominate. In summer, under hypoxic conditions, 
sediments take control on the supply of nutrients leading to increased phosphate availability 
relative to nitrate/ammonium or silicate. Diatoms are then replaced during the summer 
blooms – linked to low atomic N:P ratios (typically <2) –  by flagellates and green algae with 
minor contributions of cyanophytes and dinoflagellates.  
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1. INTRODUCTION 
Coastal lagoons constitute ecosystems of ecologic, economic and social value and are 
especially sensitive to both anthropogenic and natural disturbances (Perilla et al., 2012). These 
environments are highly dynamic and controlled by physical processes, and subject to frequent 
environmental fluctuations (Pérez-Ruzafa et al. 2005) and the degree of isolation from marine 
waters (López, 2003). The vulnerability of these systems is greater in the present context of 
global change, where the sea-level rise, intensification of storms, alterations in the tidal 
regimes or changes in the freshwater inputs have a significant impact in their functioning. The 
effect of these changes on nutrient dynamics and phytoplankton communities in coastal 
lagoon ecosystems (e.g. Pereira et al., 2010; Deborde et al. 2008; Pérez-Ruzafa et al. 2005; 
Lillebø et al., 2004) are therefore valuable in the present environmental scenario. 
Eutrophication and high biological productivity are common characteristic of most coastal 
lagoons, due to the coupling of several processes which include: (i) elevated inputs of nutrients 
due to land runoff; (ii) shallowness, allowing light penetration in the whole water column and 
high exchange between sediments and water column; and (iii) partial isolation from the sea 
(Deborde et al. 2008). Factors affecting the nutrient cycling in coastal lagoons on a temporal 
timescale have been extensively characterized for a number different systems (e.g. Hung and 
Kuo 2002; Souza et al. 2003), showing that nutrient regeneration in the water column and 
sediments is a key factor enhancing phytoplankton production (Collos et al., 2003; López, 
2003). These studies, however, generally rely on data obtained from samples taken during the 
day and may, at certain conditions, overlook important processes that occur at night (Pereira 
et al. 2010; Nimick et al. 2011). These include low oxygen and pH values at night compared 
with the light hours, as well as the release of nutrients due to the degradation of benthic 
organic matter (Escaravage 1990) and may lead to eutrophication phenomena (Middelburg 
and Levin 2009). It appears, therefore, that the processes coupled to the light-dark cycle 
possess a significant control on the nutrients cycling in coastal lagoons. 
The present study focuses on the nutrients cycling in a barrier-lagoon complex (Louro Lagoon, 
NW Iberian Peninsula) both in a diel and temporal timescale. Results will be discussed 
regarding their implications for phytoplankton abundance and composition.  
 
2. MATERIAL AND METHODS 
2.1 Study Site 
The Louro Lagoon (Muros Ria, NW Iberian Peninsula; Figure 1) is a quasi-pristine coastal lagoon 
belonging to the Galician environmentally protected coastal areas network constituting an 
important habitat for birds. It consists of a shallow water body subject to marked water 
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fluctuations, with a permanently flooded inner part and a peripheral area which is exposed in 
summer and during sudden outflow events by the inlet. Typical water depth in the inner area 
during summer is around 0.5 m, whereas in rainy winter conditions water elevation may 
exceed 2 m. 
The main freshwater input comes from a small stream (3.2 km2 catchment area) which usually 
becomes dry during summer. The lagoon is separated from the sea by well-developed 
vegetated dunes, and communication with the sea is ephemeral and only occurs under special 
circumstances. These include: (i) spring tides and south-southwest wind-driven storms leading 
to inlet opening and leaking through storm corridors; (ii) after prolonged periods of rainfall 
when the water elevation in the lagoon is higher than the spring high tide, the inlet is opened 
allowing a sudden outflow. After inlet opening, tidal water enters the lagoon freely for a few 
days until the channel is again sealed. During summer, water stagnation due to no 
communication with the sea coupled with null freshwater input and elevated rates of 
evaporation may lead to hypersaline conditions. A complete description of the water dynamics 
in the system may be found in Pérez-Arlucea et al. (2011). 
2.2 Sampling and Analytical Methods 
Seven sampling campaigns were carried out from 2009 (July, September and November) to 
2010 (January, April, June and September). Samples for nutrients and auxiliary parameters 
were taken both in surface and bottom waters (aprox. 5 cm below the surface and above the 
bottom) at 4-hour intervals covering a complete diel cycle. Meteorological conditions (solar 
irradiance, air temperature, precipitations) along with the water depth at the sampling point 
(SP in Figure 1) obtained from a pressure transducer (Seabird SBE39 and AQUALogger 520 PT; 
Pérez-Arlucea et al. 2011) during the sampling period are shown in Figure 2.  
Water samples were collected using an all-Teflon® diaphragm pump (Almatec A15TTT) driven 
using compressed air. A 200 µm nylon mesh was attached to the outlet of the pump in order to 
remove plant debris and zooplankton. Temperature, pH, salinity and redox potential (ORP) 
were measured in-situ using a calibrated multiparametric probes (Mettler Toledo SevenGo and 
WTW Multiline P4). Samples for nitrate, ammonium and phosphate analysis were collected in 
30-mL LDPE bottles and frozen until analysis, whereas for silicate 10-mL polycarbonate tubes 
were employed and kept refrigerated (4 °C) to avoid orthosilicate polymerization that may 
occur in frozen samples (Kobayashi, 1966). Nutrients were analyzed using an Integral Futura 
autoanalyzer system (Alliance Instruments) according to standard colorimetric methods 
(Hansen and Koroleff, 1999). The accuracy of the analytical procedure was assessed by the 
analysis of certified reference materials: MOOS-1 (seawater nutrients; NRC, Canada), obtaining 
good agreement with the certified values. The precision as relative standard deviation (RSD) 
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was always less than 5%. Detection limits, expressed as three times the standard deviation of 
10 replicate measurements of reagent blanks, were: 0.14 μM for nitrate, 0.01 μM for 
ammonium, 0.08 μM for phosphate and 0.14 μM for silicate. 
Dissolved oxygen concentrations were measured by the Winkler titration method to calculate 
saturation percentages (Aminot 1983). For the determination of chlorophyll-a, sample aliquots 
were filtered through pre-combusted GF/F membranes (Whatman); chlorophyll a was then 
extracted in 90% acetone and determined spectrofluorimetrically (Neveux and Panouse, 1987). 
Two water samples (100 mL) for phytoplankton identification per sampling campaign were 
collected in surface and bottom waters at around 12:00 am and immediately preserved with 
Lugol’s solution. After homogenizing the samples, subsamples were allowed to settle on 10-mL 
sedimentation chambers, according to the method of Utermöhl (1958). Phytoplankton cell 
were counted by the Ütermohl technique in an Olympus IX70 light inverted microscope, at 
400·magnification. Phytoplankton identification was based mainly on Bourrelly (1966, 1968 
and 1970) and Tomas (1996). 
 
3. RESULTS 
3.1 Temporal nutrients cycling 
During the 7 sampling dates, the stream was dry in September ’09 and ’10. Average pH and 
ORP were 6.2 ± 0.2 and 360 ± 30 mV (vs. SHE), whereas for nutrients values of (in µM) 100 ± 36 
(silicate), 28 ± 11 (nitrate), 2.4 ± 0.7 (ammonium) and 0.14 ± 0.02 (phosphate) were obtained.  
In the lagoon, lower pH values in surface waters were found during the rainy season compared 
to summer (Figure 3); bottom waters followed a similar pattern with the exception of July’09 
due anoxic conditions (see below). Salinities less than 10 were recorded from July 2009 to April 
2010, but elevated salinities were observed in June and especially September 2010 as a 
consequence of a prolonged stagnant period and elevated rates of evaporation. Stratification 
of the water column was observed only during the periods of high precipitations and water 
depth. 
Average oxygen saturation in surface waters was in the range of 60-80%, although pronounced 
day-night variations were observed during the summer periods (see section 3.2). Bottom 
oxygen was generally lower, especially in July 2009 when anoxia was present (Figure 4). As 
expected, redox potentials follow a similar trend as oxygen with lower values in summer and in 
bottom waters. On November 2009, surface waters showed similar oxygen/redox potential 
than in winter and spring conditions; however, bottom waters still presented low values 
indicating a slower transition from the dry to the rainy season. 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Table 1 shows the Pearson correlation matrix for nutrients, chlorophyll a, and environmental 
parameters for all the sampling dates with the exception of the September 2010 extreme 
stagnant low-waters and hypersaline conditions.  Maximum nitrate and silicate, which are 
highly correlated (Table 1), were found during the rainy periods (November to April) due to 
higher freshwater inputs (Figure 5); the only exceptions were (i) nitrate in bottom waters in 
November due to low oxygen/redox potential in agreement with the concurrent peak of 
ammonium; and especially (ii) the maximum silicate values in September 2010, not linked to 
freshwater inputs but due to sediment organic matter remineralization, which is also 
observed, though to a lower extent, in July 2009. Maximum phosphate concentrations were 
found in summer (Figure 5) linked to the minimum oxygen concentrations as evidenced by 
their significant inverse correlation (Table 1). Release of nutrients – especially phosphate – 
from sediments during hypoxic conditions due to the reduction of Fe(III) oxyhydroxides is well 
documented (e.g. Rozan et al. 2002). A similar negative correlation with oxygen is also 
observed for ammonium (Table), though its temporal trend is not as evident as that of 
phosphate (Figure 5).   
The temporal chlorophyll a trend shows maximum values during summer conditions (Figure 5), 
being strongly correlated with ammonium and especially phosphate (Table 1). Suspended 
material (SPM) is dominated by autochthonous biogenic ‘particles’ as depicted from its close 
relationship with chlorophyll a (Table 1)  
3.2 Diel nutrients cycling 
Data shown in Figure 6 correspond to surface diel variations in summer (September 2009), 
winter (January 2010) and spring (April 2010). Differences in surface water temperature 
between the night and day were highest during summer – up to 15oC in September 2009 – and 
lowest in winter – around 6oC in January 2010 (Figure 6). Also, pH showed a marked diel trend, 
with maximum values around dusk and minimum at dawn. These variations, controlled by the 
CO2 consumption during the light hours due to photosynthesis and release at night due to 
respiration, are normally higher in summer when biological productivity is highest (Nimick et 
al. 2011). Accordingly, the amplitude of diel pH cycle ranged from 0.5 in winter to about 1.1 in 
summer. In the period of November to June, no evident diel trends in O2 saturation/ORP were 
observed. During the periods of high productivity and stagnant waters in summer, conditions 
move from oxic conditions during the light hours to hypoxic (defined as <2 mg O2 L
-1; 
Middelburg and Levin 2009) conditions at night explaining the elevated phosphate recorded.  
A peak of salinity at night in surface waters was generally observed during sampling campaigns 
when stratification was present (see winter and spring trends, Figure 6); this was not found, 
however, in bottom waters indicating that this night increase at surface was probably due to 
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mixing with bottom waters and is confirmed by the low values of parameters such as nitrate 
and silicate. Also, in April 2010, an input of ammonium and phosphate from bottom waters 
was found, which is concurrent with a peak of chlorophyll a. Phytoplankton growth seems to 
be closely linked to the phosphate inputs to the water column (peaks of chlorophyll a appear 
at maximum phosphate concentrations – see Figure 6); this is especially evident for bottom 
waters (Figure 7). Phosphate release from sediments due to hypoxic/anoxic conditions is well 
known to favor phytoplankton blooms (Ma et al. 2006), and results presented here 
demonstrate that this occurs in a short timescale. 
3.3 Phytoplankton abundances 
Microscopic analysis was used to identify the most abundant phytoplankton taxa in the lagoon. 
The phytoplankton community composition was very similar in the surface and bottom 
samples although it presented a high seasonal fluctuation (Figure 8). On average, green algae 
(74%) and flagellates (16%) were the most important groups. The relative contribution of 
green algae was 85% and 100% of the bottom sample phytoplankton community in November 
2009 (97% Carteria sp.) and September 2010 (100% Chlamydomonas sp.) respectively, while it 
reached 58% of the surface sample in November 2009 (60% Aphanothece sp. and 32% Carteria 
sp.) and 98% in September 2010 (100% Chlamydomonas sp.). Green algae, mostly 
Monoraphidium contortum (80% and 63%), peaked again on July 2009, representing 72% and 
42% of the phytoplankton community in the bottom and surface samples respectively.  
Flagellates dominated the phytoplankton community in September 2009 both in the surface 
(45% Euglena viridis and 35% Chroomonas acuta) and bottom samples (44% Euglena viridis 
and 37% Cryptomonas sp.), representing 80% and 79% of the total community. Flagellates 
dominated again in surface waters in June 2010 (75% Chroomonas acuta), although were 
absent from the phytoplankton bottom assemblage, where dinoflagellates represented the 
major group (96% Gymnodinium sp.). Diatoms were found in almost all samples and 
dominated the phytoplankton community from January to April (82-100%) in both surface and 
bottom samples. Different diatom species were present in surface (36% Cymbella sp., 14% 
Amphora sp., 14% Navicula sp.) and bottom (25% Entomoneis sp., 22% Haslea crucigera, 11% 
Achnanthes lanceolata, 11% Navicula sp.) waters in January. In April, however, the diatom 
species distribution was homogeneous in the water column, with Fragilaria sp. and Navicula 
sp. as the dominant diatoms (60-70%) in surface and bottom waters.  
 
4. DISCUSSION AND CONCLUSIONS 
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One of the main factors controlling the species composition of the phytoplankton and the 
development of blooms is the relative abundance of the major nutrient elements (Anderson et 
al. 2002). The composition of the nutrient pool and their relative abundance in the Louro 
Lagoon appears to be strongly affected on a seasonal timescale which results in a shift of the 
phytoplankton species present in the water column. Accordingly, maximum values of nitrate 
and silicate (and minimum phosphate) were recorded during periods of significant freshwater 
input to the lagoon (November to April) favoring the increase in diatoms, which dominate the 
phytoplankton composition in January and April (Figure 8). In summer, under hypoxic 
conditions and stagnant waters, sediments take control on the supply of nutrients to the water 
column and their relative composition, and diatoms are then replaced by flagellates and green 
algae with minor contributions of cyanophytes and dinoflagellates. 
Typical values of atomic N:P ratios for aquatic plants roughly range from about 10 to 45 
(Duarte 1992) whereas the generalized Redfield ratio is 16. Blooms occurring when these 
ratios of nutrient availability are altered have been explained by the nutrient ratio hypothesis, 
which argues that the selection of phytoplankton species is linked with the relative availability 
of specific nutrients (Anderson et al. 2002). Our data indicates that the summer phytoplankton 
blooms due to flagellates and green algae (with the exception of bottom waters in July 2009, 
where the N:P is close to the Redfield ratio) are associated with low N:P rations (typically <2; 
Figure 9). In winter, however, when biomass production decreases and diatoms dominate, 
these ratios are generally above 50. These results are in agreement with previous studies (e.g. 
Rozan et al. 2002) which found that the release of phosphate an ammonium from sediments 
under hypoxic/anoxic conditions may lead to eutrophication phenomena and changes in the 
phytoplankton composition due to the increase in the availability of N or P relative to silicate 
or changes in the N:P ratios (Anderson et al. 2002; Ma et al. 2006). The absence of diatoms in 
phosphate-rich summer conditions even when silicate is abundant due to sediment 
remineralization (bottom waters of July’09 and surface and bottom waters of September’10) 
further evidences the phosphate control on phytoplankton composition. 
Results presented in this study provide a good example of the impact of nutrient cycling on 
phytoplankton abundance and composition in coastal lagoons. The temporal and diel cycling of 
nutrients in the Louro Lagoon, a quasi-pristine barrier-lagoon complex, is strongly controlled 
by hydrographical and meteorological conditions. The fragile equilibrium between the winter 
oxic and nitrate/silicate rich waters and the summer hypoxic and phosphate/ammonium 
dominance may be broken if climatic (e.g. prolonged dry periods, elevation of temperatures) 
or anthropogenic (e.g. inputs of nutrients from agricultural activities) are altered. In such a 
scenario, hypoxic conditions may be easily extended beyond the summer period and the 
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capability of the lagoon to seasonally recover to oxic winter conditions would be diminished, 
with an obvious impact on the phytoplankton composition and therefore changes in the 
communities at higher trophic levels (Anderson et al. 2002). 
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FIGURE CAPTIONS 
 
Figure 1. Map of the Louro Lagoon including a digital elevation model based on a Laser 
Scanner image over-imposed to an ortophotograph (Pérez-Arlucea et al. 2011). The 
sampling point (SP) is indicated by a white dot. 
 
Figure 2. Upper figure: Meteorological conditions: precipitation (grey bars), air 
temperature (solid line) and solar irradiance (grey dots) during the sampling period. 
Sampling dates are indicated by closed triangles. Lower figure: water depth of the lagoon 
at the sampling point. Arrows indicate inlet opening events. 
 
Figure 3. Seasonal trends of ph, temperature and salinity in surface (upper panel) and 
bottom (lower panel) waters. Whisker plots represent data for a complete diel cycle. 
 
Figure 4. Seasonal trends of redox potential (ORP), oxygen saturation and suspended 
particulate matter (0.2-20 µm) in surface (upper panel) and bottom (lower panel) waters. 
Whisker plots represent data for a complete diel cycle. 
 
Figure 5. Seasonal trends of chlorophyll a, silicate, nitrate, ammonium and phosphate in 
surface (upper panel) and bottom (lower panel) waters. Whisker plots represent data for a 
complete diel cycle. 
 
Figure 6. Diel variations of surface pH, temperature, oxygen saturation, ORP, chlorophyll a, 
salinity, silicate, nitrate, ammonium and phosphate for selected sampling dates of summer 
(September 2009), winter (January 2010) and spring (April 2010).  
 
Figure 7. Diel trends of chlorophyll a (filled circles) and phosphate (empty circles) in 
bottom waters from September 2009 to September 2010 
 
Figure 8. Phytoplankton abundances (in number of cells per mL), grouped in five major 
groups (cyanophytes, diatoms, dinoflagellates, .flagellates, and green algae), in surface (a) 
and bottom (b) waters. See text for a more detailed composition.  
 
Figure 9. Chlorophyll a abundance vs. atomic N:P ratios for surface (a) and bottom (b) 
waters. Inserts represent expanded view at low N:P ratios. 
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Table 1. Pearson correlation matrix (n=84) for the nutrients, chlorophyll a, suspended particulate matter (SPM) and other environmental parameters 
(O2 saturation, pH, temperature, and salinity) using the data of obtained during all the sampling dates except Sept10 (see text for further 
information) 
 
Nitrate Ammonium Phosphate Silicate N/P Chl a SPM O2 pH T S 
Nitrate 1 -0.204 -0.338*** 0.568*** 0.212 -0.344*** -0.371*** 0.267** -0.445*** -0.723*** -0.450*** 
Ammonium 
 
1 0.777*** 0.099 0.070 0.744*** 0.143 -0.593*** -0.352*** 0.084 -0.141 
Phosphate 
  
1 -0.206 0.302*** 0.827*** 0.567*** -0.511*** -0.039 0.319*** -0.236* 
Silicate 
   
1 0.486*** -0.112 -0.327*** -0.041 -0.705*** -0.575*** -0.512*** 
N/P 
    
1 -0.237* -0.267** -0.138 -0.571*** -0.401*** -0.105 
Chl a 
     
1 0.503*** -0.490*** -0.057 0.287*** -0.201 
SPM 
      
1 -0.206 0.161 0.381*** -0.110 
O2 
       
1 0.351*** 0.123 0.157 
pH 
        
1 0.636*** 0.295*** 
T 
         
1 0.495*** 
S 
          
1 
 
*p<0.05; **p<0.02; ***p<0.01 
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